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Mammalian cell cytoplasmic RNA stress granules are induced during various conditions of stress and are
strongly associated with regulation of host mRNA translation. Several viruses induce stress granules during
the course of infection, but the exact function of these structures during virus replication is not well under-
stood. In this study, we showed that respiratory syncytial virus (RSV) induced host stress granules in epithelial
cells during the course of infection. We also showed that stress granules are distinct from cytoplasmic viral
inclusion bodies and that the RNA binding protein HuR, normally found in stress granules, also localized to
viral inclusion bodies during infection. Interestingly, we demonstrated that infected cells containing stress
granules also contained more RSV protein than infected cells that did not form inclusion bodies. To address
the role of stress granule formation in RSV infection, we generated a stable epithelial cell line with reduced
expression of the Ras-GAP SH3 domain-binding protein (G3BP) that displayed an inhibited stress granule
response. Surprisingly, RSV replication was impaired in these cells compared to its replication in cells with
intact G3BP expression. In contrast, knockdown of HuR by RNA interference did not affect stress granule
formation or RSV replication. Finally, using RNA probes specific for RSV genomic RNA, we found that viral
RNA predominantly localized to viral inclusion bodies but a small percentage also interacted with stress
granules during infection. These results suggest that RSV induces a host stress granule response and prefer-

entially replicates in host cells that have committed to a stress response.

Respiratory syncytial virus (RSV) is a leading cause of seri-
ous viral lower respiratory tract illness in infants and the el-
derly worldwide. The virus is a member of the Paramyxoviridae
family, and the genome consists of a single-stranded, negative-
sense RNA molecule that encodes 11 proteins. The ribonucleo-
protein complex necessary for transcription and replication
includes the nucleoprotein (N), the phosphoprotein (P), and
the large polymerase protein (L). M2-1 and M2-2 are accessory
proteins that are involved in transcription and replication, re-
spectively (7). The fusion (F) protein, attachment protein (G),
and small hydrophobic (SH) protein are found on the surface
of infectious virions, while the matrix (M) protein locates in-
side the virion particle. Two nonstructural proteins (NS1 and
NS2) are expressed in the cytoplasm of infected cells and
appear to act as interferon antagonists during infection (36).
The mechanisms by which the virus replicates and assembles in
infected epithelial cells are incompletely understood.

A hallmark feature of RSV infection in epithelial cells is the
formation of discrete collections of viral replication proteins
that have been termed viral inclusion bodies (28). These cyto-
plasmic structures increase in size during the course of infec-
tion and have been shown to contain the N, P, M2-1, L, and M
proteins (3, 9, 21). It is thought that N and P are the minimal
requirements for inclusion body formation, since the expres-
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sion of both of these proteins in the absence of virus infection
induces the formation of inclusion bodies similar to those ob-
served during infection (10). The host proteins Hsp70 and
actin associate with RSV inclusion bodies (1), but a functional
role for either of these proteins in inclusion bodies is unknown.
Although a function has not been defined experimentally for
inclusion bodies, it has been proposed that these structures
may represent sites of replication and/or transcription for the
virus (32).

Stress granules are host RNA cytoplasmic granules formed
in cells in response to multiple types of environmental stress
(14). The best-studied pathway for stress granule formation
involves phosphorylation of the translation initiation factor
elF2a, leading to the accumulation of stalled translation
preinitiation complexes (19). RNA transcripts are bound by
mRNA binding proteins, including TIA-1, Ras-GAP SH3 do-
main-binding protein (G3BP), and HuR. Several translation
factors, such as eIF4E and elF3, are recruited to stress gran-
ules, resulting in protein-RNA complexes that form the con-
tents of the granules (14). Stress granules can also be induced
by an alternate mechanism that is independent of eIF2a phos-
phorylation via inactivation of the translation factors eIF4A or
elF4G (5, 25).

Many viruses are known to modulate host translation in
order to facilitate viral protein production. In recent years,
several viruses have been studied to monitor their effect on the
host stress response. Viruses that are known to induce host
stress granules include the paramyxovirus Sendai virus, the
coronavirus mouse hepatitis virus, the alphavirus Semliki For-
est virus, reovirus, and poliovirus (12, 24, 30, 34, 39). Although
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both poliovirus and Semliki Forest virus induce stress granules
early after infection, both viruses appear to functionally inhibit
stress granule formation at later time points. In addition, West
Nile virus prevents stress granule formation throughout infec-
tion (6). While it is reasonable to think that stress granules may
play a role in infection for these viruses, the specific role or
function of stress granules during infection has not been well
defined.

Stress granule proteins also have been shown to interact
directly with viral processes. Sindbis virus and vaccinia virus
recruit the stress granule protein G3BP to viral structures (4,
13), while West Nile virus interacts with the host stress granule
proteins TIA-1 and TIAR (6). Sendai virus trailer RNAs have
been shown to bind TIAR (12), and the poliovirus 3C protein-
ase has been shown to cleave G3BP (39). HuR has been shown
to associate with regions of hepatitis C virus (HCV) RNA and
the reverse transcriptase protein of human immunodeficiency
virus (31, 35).

In the present study, we sought to determine whether the
pneumovirus RSV initiates a stress response. Our results dem-
onstrate that RSV induces a robust stress response that con-
tinues throughout the course of infection, indicating that RSV
may specifically initiate and maintain the stress response. In-
terestingly, we show that cells that have formed stress granules
contain more RSV protein than cells without stress granules.
Our data show that, while RSV inclusion bodies are distinct
from stress granules, the stress granule marker HuR appears to
be a shared component between both structures. In addition,
we created a stable cell line deficient for the stress granule
assembly protein G3BP. RSV replication in these cells was
diminished, offering further evidence that stress granule for-
mation enhances RSV replication. Finally, we show that RSV
genomic RNA is strongly associated with RSV inclusion bodies
while only a transient interaction occurs with stress granules.
This evidence suggests that RSV inclusion bodies and not host
stress granules are the active sites of viral replication.

MATERIALS AND METHODS

Cells. HEp-2 cells (ATCC CCL-23) were maintained in Opti-MEM I medium
(Invitrogen) containing 5% (vol/vol) fetal calf serum, 1% (vol/vol) L-glutamine,
2.5 pg/ml amphotericin B, and 50 pg/ml gentamicin. MA104 cells (ATCC CRL
2738.1), which were used to prepare rotavirus, and RGD3 and U20S cells
(kindly provided by Paul Anderson, Brigham and Women’s Hospital) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 5%
(volvol) fetal calf serum, 1% (vol/vol) sodium pyruvate, 1% (volivol) L-glu-
tamine, 1% (vol/vol) nonessential amino acids, 2.5 pg/ml amphotericin B, and 50
ng/ml gentamicin.

Viruses. A suspension of RSV wild-type strain A2 prepared in HEp-2 cells
(1 X 10° PFU/ml) was used to infect HEp-2 cell monolayer cultures. Infectious
virus was adsorbed to the cells for 1 h in a 37°C incubator in 5% CO,. Following
adsorption, the inoculum was removed and fresh medium added. The cells were
then incubated at 37°C in 5% CO, for the duration of the infection period.
UV-inactivated virus was prepared from the same virus stock by irradiation in a
UV cross-linker for 15 min. Rhesus rotavirus was a kind gift from Susana Lopez.

Fixation and immunostaining. Cells were fixed with 3.7% (wt/vol) parafor-
maldehyde in phosphate-buffered saline (PBS) for 10 min at room temperature.
Cells were permeabilized with 0.2% (wt/vol) Triton X-100 and 3.7% paraform-
aldehyde in PBS for 10 min at room temperature. Following fixation, cells were
blocked in 5% (wt/vol) bovine serum albumin (BSA) in PBS for 1 h, followed by
the addition of the primary antibody for 1 h. Cells were then washed three times
in PBS, and species-specific IgG Alexa Fluor (Molecular Probes) was added at a
dilution of 1:1,000 in blocking solution to detect primary antibodies. Cells were
washed 3 times in PBS and fixed on glass slides using a Prolong antifade kit
(Molecular Probes). Images were obtained on a Zeiss inverted LSM510 confocal
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microscope using a 40X Plan-Neofluar oil objective lens. Polyclonal anti-G3BP
(ab37906) antibody was obtained from Abcam and used for immunostaining. The
following antibodies were obtained from Santa Cruz for immunostaining: poly-
clonal anti-TIA-1 (sc-1751), polyclonal anti-HuR (sc-20694), and polyclonal anti-
elF3v (sc-16377). Anti-RSV P protein (clone 3_5) and anti-RSV N protein
(clone B130) monoclonal antibodies were a kind gift of Earling Norrby and Ewa
Bjorling. An anti-RSV F protein humanized mouse monoclonal antibody (palivi-
zumab; MedImmune) was obtained from the Vanderbilt Pharmacy. Imaging of
the RNA with G3BP and RSV N protein was performed using a 63X/1.4 nu-
merical aperture Plan-Apochromat objective using a Zeiss LSM 510 confocal
microscope. For images where three-dimensional z-stacks were obtained, we
collapsed the series of fields into an extended view using Volocity imaging
software.

RT-PCR. HEp-2 cells were grown on 48-well plates and infected with RSV for
the times indicated below. RNA was extracted using an RNeasy mini kit (Qia-
gen). Reverse transcriptase PCR (RT-PCR) was performed using a OneStep
RT-PCR kit (Qiagen) and primer-probe combinations for RSV F, rotavirus VP3,
or human glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The normal-
ized cycle threshold (ACy) was calculated for each time point using the following
formula: AC; = RSV F C; — GAPDH C;. The change in normalized C; over
time (AAC;) was calculated for each condition using the AC; of wild-type cells
2 h postinfection (p.i.) as the initial point of reference for the relative amount of
viral RNA: AAC; = [ACyatx h p.i. = shRNA] — [AC in wild-type cells 2 h p.i.],
where x equals each specific time point.

shRNA reagents. A stable cell line exhibiting knockdown of HuR expression
was generated using a set of three SMARTvector lentiviral small hairpin RNA
(shRNA) particles (Dharmacon), along with cells treated with nontargeting
shRNA particles. HEp-2 cells were plated into 48-well plates at approximately
50% confluence and transduced with the lentiviral particles according to the
manufacturer’s protocol. A panel of stable cell lines exhibiting knockdown of
G3BP expression was generated using Mission shRNA lentiviral transduction
particles (Sigma). HEp-2 cells were plated onto 6-well plates and transduced with
lentiviral particles according to the manufacturer’s protocol. For selection of
each target, cells containing integrated lentivirus sequences were selected using
puromycin (5 pg/ml) diluted in medium. Medium containing puromycin was
replaced every 3 days until resistant colonies were observed. Puromycin-resistant
colonies were isolated using cloning cylinders (Sigma) and tested for target
protein expression.

Western blotting. HEp-2 cells were grown on 6-well plates and harvested for
protein. Cell lysates were obtained using lysis buffer (50 mM Tris-HCI, 150 mM
NaCl, 1% Triton X-100, pH 8.0) containing 0.5% (vol/vol) protease inhibitor
cocktail (Sigma) and 1.0% (vol/vol) phosphatase inhibitors (Sigma). The lysates
were separated on 4-t0-12% NuPAGE bis-Tris gels (Invitrogen) and transferred
to nitrocellulose membranes using an iBlot dry blotting system (Invitrogen). The
membranes were blocked for 1 h using Odyssey blocking buffer (Li-Cor) diluted
1:1 in PBS. Primary antibodies were diluted in blocking buffer and incubated
overnight at 4°C. The membranes were then washed four times in Tris-buffered
saline plus 0.2% Tween (TBST) for 5 min each. Li-Cor IRDye 680CW or IRDye
800CW secondary antibodies were diluted 1:5,000 in blocking buffer and added
to each membrane for 1 h. The membranes were washed four times in TBST.
Bands were imaged and quantitated using an Odyssey infrared imaging system.
G3BP protein was detected using a monoclonal antibody from BD Biosciences
(611127). GAPDH was detected using a monoclonal antibody from Millipore
(MAB374). HuR was detected using a monoclonal antibody from Santa Cruz
Biotechnology (sc-5261).

RNA probe and live cell delivery. Single-RNA-sensitive probes (33) designed
to target the gene start-intergenic region of the genomic RNA of human RSV
were delivered at 30 nM via reversible permeabilization with streptolysin O into
separate sets of infected or mock-infected HEp-2 cells at 1, 6, 12, 18, and 24 h p.i.
Delivery took approximately 10 min, and 15 min after delivery, the cells were
fixed with 3.7% (wt/vol) paraformaldehyde in PBS for 10 min at room temper-
ature. The cells could then be immunostained for G3BP and the RSV N protein
as discussed above.

Quantification of imaging. To determine quantitative features of stress gran-
ule induction by RSV, HEp-2 cells were plated onto coverslips placed in wells of
a 24-well plate. Cells were grown to approximately 75% confluence and were
infected with RSV for 0, 6, 12, 16, 20, or 24 h (multiplicity of infection [MOI] of
1). Cells were fixed as described above. Cells were stained with anti-G3BP
antibody (BD Transduction Laboratories) diluted 1:1,000 in blocking solution,
the anti-RSV F protein antibody palivizumab (MedImmune) diluted 1:10,000 in
blocking solution, and the nuclear stain To-Pro-3 iodide (Invitrogen) diluted
1:1,000 in blocking solution for 1 h. Twenty high-powered fields (HPFs) were
obtained for each time point. Images were examined using Volocity imaging
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software (version 5.1; Improvision). The total number of cells in each HPF was
quantified by counting the number of nuclei. We also quantified the number of
infected cells by staining for the presence of RSV F protein, the number of cells
containing stress granules by staining for the presence of G3BP protein, and the
number of infected cells that also contained stress granules per HPF. To calcu-
late the stress granule size in wild-type or G3BP-deficient cells, cells were plated
onto coverslips placed in wells of a 24-well plate. The cells were then treated with
0.5 mM arsenite for 15 min. The cells were fixed and stained for G3BP (1:500)
and TIA-1 (1:250). Images for 10 HPFs were obtained for each cell line. We then
used Volocity imaging software to determine the percentage of cells with stress
granules per HPF and the size of each stress granule for those cells containing
stress granules. To determine inclusion body number and volume, HEp-2 cells
were placed on coverslips in 24-well plates. Cells were infected with RSV for 24 h
(MOI = 1.0) and fixed. Cells were stained for inclusion bodies using anti-RSV P
protein antibody and for stress granules using anti-G3BP antibody. At least 10
cells containing or not containing stress granules were analyzed for inclusion
bodies. Volocity imaging software was used to determine the number and volume
of individual inclusion bodies per cell. Volocity was also used to quantify the
colocalization of the viral genomic RNA with inclusion bodies (marked by the
RSV N protein) or with stress granules, in addition to the colocalization of
inclusion bodies with stress granules. Manders overlap coefficients were calcu-
lated using voxels generated from three-dimensional reconstructions.

RESULTS

RSV infection induces stress granule formation. We first
tested whether RSV infection of epithelial cells induced stress
granules. HEp-2 cell monolayer cultures were inoculated with
RSV wild-type strain A2 at an MOI of 1 and incubated in
liquid medium for 24 h. We then fixed the cells and immuno-
stained them for the stress granule proteins G3BP, elF3n, or
TIA-1. The results in Fig. 1A (first column) show that each of
these markers frequently relocalized into dense cytoplasmic
foci that are characteristic of stress granules. We noted that the
host stress granules appeared similar in size, shape, and loca-
tion to previously described viral inclusion bodies that form
during RSV infection. To investigate whether the granules
containing stress granule-associated proteins were viral inclu-
sion bodies, we costained infected cells with antibodies to
stress granule markers and one of the viral proteins found in
inclusion bodies (RSV P protein) (Fig. 1A, middle column).
The results indicate that viral inclusion bodies are spatially
separated from stress granules and represent distinct struc-
tures in the cytoplasm.

We next performed a time course of infection to determine
the kinetics of stress granule formation in RSV-infected cells.
We inoculated cells with RSV (MOI = 1) and then incubated
them for various times (0 to 24 h). We fixed and immuno-
stained cells for RSV F protein and the stress granule protein
marker G3BP. After 12 h, stress granules formed, and the
number of infected cells containing stress granules increased
incrementally throughout the 24-h period of observation (Fig.
1B). We did not observe stress granules in mock-infected cells
over the time course. In addition, in the cultures in which RSV
was added, we did not observe stress granules in cells that did
not stain for RSV protein (data not shown). These results
demonstrated that RSV induces a potent stress granule re-
sponse beginning at about 12 h after inoculation and continu-
ing throughout the viral life cycle. In order to verify that RSV
replication is necessary for stress granule formation, we mock
inoculated cells, inoculated cells with replication-competent
RSV (MOI = 1.0), or inoculated cells with an equivalent
volume of UV-inactivated RSV for 48 h and then fixed and
immunostained them for RSV F and G3BP. RSV infection
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once again induced robust stress granule formation (Fig. 2,
bottom row), while we did not observe stress granules in mock-
inoculated or UV-inactivated RSV-inoculated samples (Fig. 2,
top and middle rows). These results confirmed that RSV rep-
lication and not simply the presence of RSV protein is required
for stress granule formation.

We next compared RSV protein levels between cells with
and without stress granules. HEp-2 cells were inoculated with
RSV (MOI = 1.0) for 24 h and then fixed and immunostained
for RSV P and G3BP. We used RSV inclusion body size and
number as a measure to compare the amounts of viral protein
present in cells. Interestingly, the results indicated that in-
fected cells that have formed stress granules contain more
inclusion bodies than cells that have not formed stress granules
(Fig. 3A). In addition, individual inclusion bodies were larger
in cells that had formed stress granules (Fig. 3B) and the total
amount of protein contained in inclusion bodies was greater
(Fig. 3C). Although quantification of the size and number of
inclusion bodies in infected cells in the cultures clearly showed
larger and more inclusion bodies in cells with stress granules,
we also did observe some individual cells without stress gran-
ules that contained large amounts of RSV protein (for exam-
ple, two cells with high N expression in Fig. 7, at 12 h postin-
fection). These data suggested that stress granules enhance
viral protein production and inclusion body formation but are
not absolutely required for these viral processes.

Inhibition of host stress granule formation reduces RSV
replication. To investigate whether stress granule formation is
beneficial to the virus or the host, we inoculated mouse embryo
fibroblast (MEF) lines derived from TIA-1- or TIAR-deficient
mice (kindly provided by Paul Anderson); however, RSV did
not establish a productive infection in these cells (data not
shown). It is well established that human RSV strains do not
infect murine cells efficiently. Next, we created human cell
lines deficient for stress granule formation by transducing
HEp-2 cells with lentiviral shRNA transduction particles to
induce stable knockdown of G3BP expression. When analyzed
by Western blotting, G3BP was not detected in the knockdown
cells (Fig. 4A). However, when these cells were compared with
wild-type cells by immunofluorescence, we could still observe a
small amount of G3BP in fixed and permeabilized knockdown
cells. The G3BP-deficient cells expressed normal amounts of
other stress granule proteins, such as TIA-1 (Fig. 4B). G3BP-
deficient cells were treated with 0.5 mM arsenite for 15 min to
determine if they were capable of forming stress granules.
Stress granules were detected using anti-TIA-1 antibodies (Fig.
4C). We compared the percentages of cells with stress granules
per high-powered field. In G3BP-deficient cells, approximately
75% fewer cells per HPF formed stress granules. We also
examined individual G3BP knockdown cells that did form
stress granules and noted that there was also a slight decrease
in stress granule size compared to those in wild-type HEp-2
cells. These results indicated that G3BP-deficient cells are im-
paired for stress granule formation.

We next determined whether RSV replication was altered in
the G3BP-deficient cell line. Wild-type or G3BP-deficient cells
were infected with RSV (MOI = 1) for 1, 2, or 4 days. Cell-
associated and supernatant virus were collected separately, and
viral titers were determined using plaque assays. The G3BP-
deficient cells consistently demonstrated a 10-fold reduction in
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FIG. 1. Stress granules (SGs) are induced during RSV infection. (A) HEp-2 cells were infected with RSV (MOI = 1.0) for 24 h, fixed, and
processed for immunofluorescence. Anti-G3BP, anti-eIF3r, and anti-TIA-1 were used as stress granule markers and appear red in the merged
image. Anti-RSV P was used as the viral inclusion body marker and appears green in the merged image. The collapsed z-sections are shown for
each image. (B) HEp-2 cells were infected with RSV (MOI = 1.0) for the indicated times. The percentages of infected cells and cells containing
stress granules per HPF were quantified as described in Materials and Methods. Error bars show standard deviations.

viral titer when comparing supernatant or cell-associated virus
with the titers collected from wild-type cells (Fig. 5A). In
addition, RSV infection was associated with the death of most
wild-type HEp-2 cells after 2 days, while in contrast, the G3BP-
deficient cells consistently remained viable for 4 days after
infection. We next sought to determine if the reduction of

G3BP expression and stress granule formation affected the
efficiency of replication of viral RNA. We infected wild-type or
G3BP-deficient cells for 0, 2, 12, 24, or 48 h and then harvested
total RNA from cell lysates. We performed reverse transcrip-
tase PCR and normalized the RNA levels to that of host
GAPDH and compared them with the levels found at 2 h
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RSV F

RSV

FIG. 2. RSV-induced stress granule formation is dependent on vi-
rus replication. HEp-2 cells mock infected (top row), inoculated with
replication-competent RSV (MOI = 1.0), or inoculated with UV-
inactivated RSV for 48 h were fixed and processed for immunofluo-
rescence. Anti-G3BP was used as a marker for stress granules and
appears red in the merged image. Anti-RSV F was used as a marker
for viral infection and appears green in the merged image. The col-
lapsed z-sections are shown for each image.

postinfection in the wild-type HEp-2 cells. We observed a
decrease in RSV RNA in the G3BP-deficient cell line at each
time point tested after infection (Fig. 5B). Interestingly, when
these cells were infected with rhesus rotavirus, a virus that does
not induce stress granule formation (27), the replication of
rotavirus was unaffected. These data indicate that stress gran-
ule formation may play an important role in the RSV life cycle
even at very early time points after infection.

We also determined the effects of G3BP overexpression on
RSV replication using RGD3 cells, a U20S osteosarcoma cell
line selected to express green fluorescent protein-G3BP. We
inoculated RGD3 or parental U20S cells with RSV (MOI =
1.0) and harvested cell-associated virus for plaque assays at
time points spanning 0 to 4 days after inoculation. RSV repli-
cation remained largely unaltered in cells overexpressing
G3BP (Fig. 5C). Interestingly, although G3BP levels are higher
in RGD3 cells, stress granule formation is largely unaltered
(18). These data indicated that the presence of artificially el-
evated levels of G3BP do not enhance replication.

The stress granule marker HuR is recruited to RSV inclu-
sion bodies. We examined other markers of stress granules and
found a nonclassical feature involving the mRNA binding
stress granule protein HuR. In cells infected with RSV, HuR
was recruited to stress granules during infection but the pro-
tein was also largely associated with structures that were not
marked by other stress granule proteins. When cells were in-
fected (MOI = 1) and costained for G3BP and viral proteins in
RSV inclusion bodies, we noted that HuR was present both in
host stress granules and in RSV inclusion bodies (Fig. 6A).
Thus, HuR protein is a shared component of the two struc-
tures. Using RNA interference, we sought to determine the
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FIG. 3. RSV protein levels are higher in cells with stress granules.
HEp-2 cells were infected with RSV (MOI = 1.0) for 24 h. At least 10
infected cells containing or not containing stress granules were ana-
lyzed. (A) The total average number of inclusion bodies (IBs) per cell
was determined as described in Materials and Methods for cells con-
taining stress granules (+SGs) or not containing stress granules (No
SGs). (B) The average volumes (wm?) of individual inclusion bodies
were determined for cells containing or not containing stress granules.
(C) The volumes of all individual inclusion bodies in single cells con-
taining or not containing stress granules were totaled on a per cell basis
to determine average total inclusion body volume per cell. Error bars
show standard deviations.

effect of decreased HuR expression on RSV replication.
shRNA knockdown of HuR resulted in an approximately 70%
reduction of HuR expression when compared by Western blot-
ting to its expression in wild-type cells or cells transduced with
a nontargeting shRNA (Fig. 6B). In contrast to G3BP knock-
down, stress granule formation was not altered by HuR reduc-
tion when cells were treated with sodium arsenite (data not
shown). To test whether HuR plays a role in RSV infection, we
infected wild-type HEp-2- or HuR-deficient cells with RSV
(MOI = 0.1) for 1, 2, 3, or 4 days. Supernatant and cell-
associated virus were collected separately at each time point,
and viral titers were determined by plaque assay. As shown by
the results in Fig. 6D, we did not observe a significant change
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FIG. 4. Decreased levels of G3BP inhibit stress granule formation. (A) Wild-type or representative G3BP-deficient HEp-2 cells were analyzed
for G3BP expression via Western blotting. (B) Wild-type or G3BP-deficient HEp-2 cells not treated with arsenite were analyzed for G3BP (green
in merged image) and TIA-1 (red in merged image) expression using indirect immunofluorescence. (C) Wild-type or G3BP-deficient HEp-2 cells
were treated with arsenite, fixed, and processed for immunofluorescence. Stress granule proteins were stained using anti-G3BP (green in merged
image) and TIA-1 (red in merged image) antibodies. (D) Each cell type was examined for the percentage of cells containing stress granules per
HPF and the size of stress granules per cell using TIA-1 as a marker for stress granules, as described in Materials and Methods. Error bars show
standard deviations. KD, knockdown.
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FIG. 5. RSV replication is inhibited in G3BP-deficient cells. (A) Wild-type (WT) or representative G3BP-deficient cells were infected with
RSV (MOI = 1.0) for indicated times. Cell-associated or supernatant virus was collected at each time point. Viral titer for each sample was
determined by plaque assay. (B) Wild-type or G3BP-deficient cells were infected with RSV or rotavirus for indicated times. Viral RNA was
collected and assayed for fold change of RNA during infection. (C) Wild-type or G3BP-overexpressing cells derived from U20S cells (RGD3) were
infected with RSV (MOI = 1.0) for indicated times. Cell-associated virus was collected at each time point, and viral titer for each sample was

determined by plaque assay. Error bars show standard deviations.

in viral titer for supernatant or cell-associated virus during
infection in HuR-deficient cells. In addition, we monitored for
any changes in RSV RNA levels. Wild-type or HuR-deficient
cells were infected (MOI = 0.1) for the times stated above, and
RNA was harvested. We again performed quantitative RNA
studies. As shown by the results in Fig. 6C, we did not find
significant differences in RSV RNA levels when HuR expres-
sion was reduced. These data, combined with our viral titer
results, indicate that the wild-type level of HuR expression is
not essential for viral replication even though a significant
amount of HuR is recruited to inclusion bodies.

RSV genomic RNA is partially localized to stress granules.
Previous reports using fluorescent molecular beacons specific
for RSV genomic RNA suggested that RSV RNA could be
found in RSV inclusion bodies during infection (32). In addi-

tion, more recent studies have shown that RSV RNA tran-
siently interacts with arsenite-induced stress granules as well
(33). Using a probe specific for RSV genomic RNA, we sought
to determine whether RSV RNA could be found in RSV-
induced stress granules, as well as RSV inclusion bodies.
HEp-2 cells were infected with RSV (MOI = 1) for 1, 6, 12,
and 24 h. After infection, cells were reversibly permeabilized
with streptolysin O and incubated with fluorescently labeled
RNA probes. Cells were then fixed with paraformaldehyde and
stained with a monoclonal RSV N antibody to identify inclu-
sion bodies and a monoclonal anti-G3BP antibody to identify
stress granules (Fig. 7). Using confocal microscopy, we then
examined the localization of viral RNA at each time point. We
observed colocalization between RSV inclusion bodies and
viral RNA at all time points, 1, 12, and 24 h after infection, as
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FIG. 6. HuR protein colocalizes with RSV inclusion bodies but is not necessary for replication. (A) HEp-2 cells were infected with RSV
(MOI = 1.0) for 24 h, fixed, and prepared for immunofluorescence. Anti-G3BP was used to mark stress granules and appears green in the merged
image. Anti-RSV P was used to mark RSV inclusion bodies and appears red in the merged image. HuR appears blue in the merged image. White
squares are used to mark areas in which HuR is contained in stress granules or inclusion bodies, respectively. The collapsed z-sections are shown
for each image. (B) Cells transduced with nontargeting (NonTgt) or HuR shRNA were compared with wild-type HEp-2 cells for expression levels
of HuR. Total HuR levels were quantified for each cell type and compared to wild-type levels. (C) Wild-type HEp-2 cells, cells treated with
nontargeting shRNA, or HuR-deficient cells were infected with RSV (MOI = 0.1) for the indicated times. Viral RNA was collected and assayed
for the fold change in RNA levels during infection. (D) Wild-type or HuR-deficient cells were infected with RSV (MOI = 0.1) for the indicated
times. Cell-associated virus and supernatant virus were collected at each time point. The viral titer for each sample was determined by plaque assay.

Error bars show standard deviations.

shown in Fig. 7. Using Volocity imaging software, we deter-
mined the average Manders overlap coefficients for inclusion
bodies with viral RNA, inclusion bodies with stress granules,
and viral RNA with stress granules, utilizing three fields of
approximately 35 cells (Table 1). For viral RNA and inclusion
bodies, the Manders overlap coefficients were 0.87, 0.96, and
0.91 (87, 96, and 91% overlap) for 1, 12, and 24 h after infec-
tion, respectively. For the inclusion bodies with stress granules,
the average Manders overlap coefficients were 0.0, 0.016, and
0.034 (0 [no stress granules], 1.6, and 3.4% overlap), likely
representing a transient interaction. For the viral RNA with
stress granules, the average Manders overlap coefficients were
0.0, 0.022, and 0.045 (0 [no stress granules], 2.2, and 4.5%
overlap), also likely representing a transient interaction. In
addition, we show the overlapping intensity profiles of the viral
RNA, inclusion bodies, and stress granules (as visualized in
intensity profiles in the fifth column of Fig. 7) to demonstrate
the amount of colocalization between each. Single-plane con-
focal images from the middle of cells that best reveal stress
granules did not always also capture optimal representation of
inclusion bodies and viral RNA in that cell (for example, at

12 h p.i.). Therefore, we also provided merge images for these
structures at the surface of the same cells (Fig. 7, sixth col-
umn).

DISCUSSION

These experiments show that inoculation of human cells
with RSV induces stress granules within 12 h of inoculation,
and the frequency of stress granules increases with the time
since inoculation. Although stress granule formation typically
is associated with translation inhibition, resulting in a poten-
tially antiviral state, the findings here show that impairment of
stress granule formation by G3BP knockdown reduces RSV
replication. In addition, the presence of stress granules was
associated with more robust viral protein expression on a per-
cell basis. Our data also suggest that even though RSV induces
stress granules and these structures contain many RNA bind-
ing proteins, the site of viral RNA production is in viral inclu-
sion bodies and not stress granules.

Following attachment and entry, RSV begins its life cycle
with gene transcription using an RNA-dependent viral RNA
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FIG. 7. Viral genomic RNA predominantly colocalizes with RSV inclusion bodies. HEp-2 cells were mock-infected or infected with RSV
(MOI = 1) for the indicated times. RSV RNA-specific probes were added as described in Materials and Methods. Cells were fixed and processed
for immunofluorescence. Anti-RSV N was used as an inclusion body marker and appears green in the merged image. Anti-G3BP was used as a
stress granule marker and appears blue in the merged image. RSV RNA (VRNA) appears red in the merged image (fourth column). The main
images are xy cross sections, and the images above and to the left represent xz and yz cross sections, respectively. The horizontal lines are scale
bars, while the diagonal or vertical lines were used to calculate the intensity profiles. Intensity profiles at each time point demonstrate the strong
correlation between the N protein and viral genomic RNA (fifth column). Images of N (green), viral genomic RNA (red), and G3BP (blue) in mock
infection and at 1, 6, 12, and 24 h postinfection at an image plane near the cell surface are in the sixth column. PI, postinfection; a.u., absorbance units.

polymerase. Following the accumulation of viral mRNAs and
proteins, the viral polymerase switches from a predominant
mode of transcription of mRNAs to replication of the viral
genome. Interestingly, our results indicate that stress granule

TABLE 1. RSV RNA is predominantly associated with viral
inclusion bodies

% Colocalization at time (h)

Pair of structures analyzed postinfection
1 12 24
Viral RNA + inclusion bodies 87 96 91
Viral RNA + stress granules 0.0 2.2 4.5
Inclusion bodies + stress granules 0.0 1.6 3.4

formation begins approximately when RSV initiates this
switch.

G3BP was first described as an essential stress granule as-
sembly protein through experiments that demonstrated that
the overexpression of G3BP results in the spontaneous forma-
tion of stress granules (37). In more recent studies, cells in
which G3BP expression was modestly reduced, by 30%, using
transient small interfering RNA, transfected cells were treated
with arsenite. In these experiments, large stress granules with-
out G3BP could be observed in some cells, while other cells
contained smaller and fewer stress granules (39). TIA-1 also
has been proposed to be an essential stress granule assembly
protein. Previous reports demonstrated that TIA-1 knockout
mouse embryo fibroblasts treated with arsenite displayed a
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diminished capacity to form stress granules (11). It has been
proposed that these two proteins mediate stress granule for-
mation in similar ways, because both proteins bind mRNA and
both exhibit autoaggregation properties. Other stress granule
proteins, such as TIAR (11) and HuR (our studies), have been
knocked down but appear to have little effect on stress granule
formation. It should be noted that G3BP plays a role in other
cellular functions besides stress granule formation. G3BP has
been well characterized as a binding partner for Ras GTPase-
activating protein (RasGAP), a factor important in cellular
proliferation pathways (29). In addition, G3BP is known to be
an mRNA binding protein with an endoribonuclease function
(8, 38). Thus, knockdown of G3BP may have other unknown
consequences for viral replication independent of stress gran-
ule formation.

In addition to RSV, parainfluenza virus 5 and Sendai virus
are two other paramyxoviruses that are known to induce stress
granules (2, 12). In each case, stress granules were shown to be
present at relatively late time points after infection (18 to 24 h).
This finding is in contrast to results with other viruses, such as
poliovirus and Semliki Forest virus, that induce stress granules
early after infection but restrict stress granule assembly at later
time points (24, 39). Thus, it is possible that stress granule
formation enhances paramyxovirus replication during a por-
tion of the viral life cycle. Further evidence of this enhance-
ment comes from our results with G3BP-deficient cells. In
these cells, stress granule formation was impaired and, conse-
quently, viral replication was reduced. Other viruses, such as
West Nile virus and vaccinia virus, recruit specific proteins
involved in stress granule formation, such as TIA-1 and G3BP,
respectively, to viral replication factories (6, 13). Our results
show that neither TIA-1 nor G3BP associated with RSV RNA
and neither protein was recruited to RSV inclusion bodies,
which are the likely sites of viral replication.

HuR is a known mRNA binding protein thought to act as a
translation enhancer. The protein typically binds AU-rich re-
gions of the 3’ untranslated regions (UTR) of mRNAs and is
a known component of stress granules (16). In addition, HuR
has been shown to interact with elements of multiple viruses.
HuR was shown to bind to the 3" UTR of HCV (35). Knock-
down of HuR resulted in a reduction of HCV replicon RNA
(20), indicating a potential role in HCV replication. Recently,
HuR was shown to interact with the HIV reverse transcriptase
protein (31). When HuR was knocked down, HIV reverse tran-
scription was impaired. Conversely, overexpression of HuR in-
creased HIV reverse transcription. In our studies, although we
observed HuR localization in viral inclusion bodies, knockdown
of HuR by up to 70% did not affect viral replication. It is thus
likely that HuR is not essential for RSV replication, or it is
possible that modest levels of this protein can maintain such a
role.

Interactions between viral RNA and stress granule proteins
have been described. Previous studies have shown that Sendai
virus RNA contains TIAR-binding sites, suggesting viral RNA
interaction with stress granule proteins (12). The West Nile
virus 3’-terminal stem-loop RNA binds TIA-1 and TIAR (22).
In addition, we recently showed that RSV RNA interacts tran-
siently with stress granules when infected cells are treated with
arsenite (33). In these studies, individual granules of RSV
RNA were observed to move into juxtaposition with stress
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granules, dock, and then separate again. We observed similar
transient interactions between RSV RNA and stress granules
here; however, our data suggest that viral genomic RNA is
much more abundant in viral inclusion bodies.

A detailed understanding of the molecular mechanisms un-
derlying stress granule effects during viral infection is lacking.
In fact, evidence exists for both proviral and antiviral roles.
When TIA-1 knockout cells that exhibit impaired stress gran-
ule formation were infected with vesicular stomatitis virus or
Sindbis virus, both viruses grew to higher titers, indicating that
TIA-1 or, possibly, stress granules are restrictive to these vi-
ruses (22). However, infection of TIAR knockout cells with
West Nile virus resulted in decreased viral titers, suggesting a
proviral role for this protein. It is important to note, however,
that the functional role of stress granules in any sort of stress
condition is still not completely understood. Stress granules
have been proposed to be sites of mRNA sorting during peri-
ods of translation inhibition generated by a variety of stresses
(15). While multiple species of mRNA have been shown to be
associated with stress granules, this association appears to be
transient in nature (17, 19, 23). More recent studies have
suggested that mRNA cycles between the cytoplasm and stress
granules and that the vast majority of cellular mRNA remains
cytoplasmic, suggesting that these structures are neither a
holding nor a modification site for mRNAs (26).

Our studies suggest a functional role for stress granules
during RSV infection that enhances replication. Further ex-
periments will need to be carried out to determine the exact
mechanism of induction and the true role of these structures.
The identification of a specific function of stress granules dur-
ing viral infection could also elucidate a general function for
these structures in the normal cell life cycle.
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